that caution is recommended regarding the Australian spring rainfall trend results obtained in this study as the austral spring rainfall trends may be sensitive to the choice of the selected time period.
Introduction
Australia is a major agricultural producer and exporter in the world. Agriculture and its closely related sectors earn $155 billion-a-year for a 12 % share of Australia's total gross domestic product (GDP) (http://www.nff.org.au/ farm-facts.html). On one hand, Australia is one of the driest inhabited continents in the word, with a climate characterizing as highly variable and experiencing seasonal-scale droughts with large interdecadal variability (Gallant et al. 2007) . Hence, one of the major issues facing agriculture in Australia is drought, which may result in challenges to water availability and quality for agriculture leading to serious loss of agricultural production. For example, eastern Australia experienced a severe drought event in [2002] [2003] that resulted in a ~25 % drop of Australia's gross farm product (Lu and Hedley 2004) . On the other hand, severe droughts in Australian history were often associated with the reduction of austral spring (September-November, SON) rainfall (BOM 2006) . For example, despite slightly above normal summer/autumn rainfall, in 2006, the latewinter to mid-spring rainfalls had decreased, resulting in the 2006 annual rainfall being 40-60 % below normal over most of Australia south of the Tropic of Capricorn. In contrast, the 2010 wettest spring recorded in eastern Australian Abstract The North Pacific Oscillation (NPO) is a key atmospheric intrinsic mode. This study concerns mechanisms that the NPO influences Southern Hemisphere climate anomalies after several months. It is found that the boreal wintertime NPO has a significant negative connection with austral spring rainfall anomalies in Australia, particularly in the Northern Territory, Queensland, New South Wales and Victoria. A positive NPO phase tends to be followed by dry conditions, while a negative phase by wet conditions in austral spring over much of northern and eastern Australia. The physical mechanism by which the boreal winter NPO affects Australian rainfall arises from the NPO seasonal footprinting mechanism that generates significant tropical central and eastern Pacific sea surface temperature (SST) warming anomalies during austral spring. Then, the positive NPO-related SST warming anomalies over the tropical central-eastern Pacific further induce a weakened Walker circulation, with its western subsiding branch over Australia, suppressing convection and thereby reducing rainfall. Furthermore, the NPO plays an important role in contributing to the significant long-term trends of the Northern Territory and Queensland rainfalls. The decreasing amplitude of the NPO contributes much of the observed rainfall wetting trends in the Northern Territory (~50 %) and Queensland (~60 %) regions during 1951-2010. Noted regions (Queensland, New South Wales and Victoria) since 1993 also saw the ease of long term drought conditions during 1995-2009 in eastern Australia. Therefore, understanding and building a forecasting skill of Australian spring rainfall is important for agriculture, economic growth and people's daily life in Australia. Figure 1 shows the climatology of spring rainfall in Australia for the period 1951-2010 using the rainfall data from the Australian Water Availability Project. Maximum rainfall occurred along the southeastern and eastern coast, as well as the northern and southwestern coast, decreasing far inland. Previous studies demonstrated that Australian spring rainfall is influenced by many factors, such as the El Niño-Southern Oscillation (ENSO) (e.g., McBride and Nicholls 1983; Ropelewski and Halpert 1987; Nicholls et al. 1996; Chiew et al. 1998; Taschetto and England 2009) , the Indian Ocean dipole (e.g., Saji et al. 1999; Ashok et al. 2003; Ummenhofer et al. 2011) , and the Antarctic Oscillation or southern annular mode (e.g., Gong and Wang 1999; Thompson and Wallace 2000; Marshall 2003; Hendon et al. 2007) . For example, studies find that Australian rainfall tends to be below average during El Niño events and above average during La Niña events, especially across the eastern two-thirds of the Australian continent during austral spring (e.g., Allan 1988; Wang and Hendon 2007) . Anomalous Walker circulation plays an important role in relaying the influence of the ENSO on Australian rainfall (Wang and Hendon 2007) . The influence of these modes on Australian rainfall varies regionally and seasonally (Risbey et al. 2009 ).
The North Pacific Oscillation (NPO) has recently emerged in the literature as a key atmospheric mode in extratropical Northern Hemisphere climate variability. It is the second empirical orthogonal function (EOF) mode of North Pacific sea level pressure (SLP) anomalies. The NPO consists of a meridional dipole in SLP anomalies over the North Pacific, with centers over Alaska and near Hawaii (e.g., Walker and Bliss 1932; Rogers 1981; Vimont et al. 2003a; Linkin and Nigam 2008) . The NPO significantly influences downstream weather and climate conditions over North America during wintertime (e.g., Rogers 1981; Linkin and Nigam 2008) . For example, the NPO mode is associated with large regional variations in air temperature and precipitation, promoting increased cold outbreaks in the central and eastern United States, and drier conditions along northwestern North America. Studies also found that the NPO affects upstream climate anomalies, such as the East Asian climate variability (e.g., Liu et al. 2010; Choi et al. 2011; Zheng et al. 2012) . A significant relationship between temperature and precipitation in Changchun of China and the NPO exists in the frequency band up to 7 months, with increased temperature and decreased rainfall when the NPO is positive (Liu et al. 2010) . However, it is still unclear whether the NPO influences climate anomalies in the Southern Hemisphere.
Previous studies demonstrate that boreal wintertime NPO (November-March, NDJFM) is a potential stochastic extratropical atmospheric precursor signal of ENSO events during the following winter through the seasonal footprinting mechanism (SFM; e.g., Vimont et al. 2001 Vimont et al. , 2003a Anderson 2003 Anderson , 2004 Anderson , 2007 Anderson and Maloney 2006; Zhang et al. 2009; Alexander et al. 2010; Chen et al. 2013) . The SFM has been verified both in observations (Vimont et al. 2003b; Anderson 2003 Anderson , 2004 Anderson , 2007 Chen et al. 2013 ) and numerical models (e.g., Vimont et al. 2001 Vimont et al. , 2003a Anderson and Maloney 2006; Zhang et al. 2009; Alexander et al. 2010) . Because the NPO is linked to the tropical Pacific SST variability, and the tropical Pacific SST anomaly is an important contributor to Australian rainfall variations, it can be speculated that the NPO may exert its influence on Australian rainfall via SST anomalies over the tropical central-eastern Pacific. If such a connection exists, then the NPO can be used to predict Australian rainfall anomalies in advance.
In this study, we demonstrate that the boreal winter (November-March average) NPO can exert a significant influence on Australian rainfall anomalies in the following austral spring. The remainder of the paper is organized as follows. Section 2 describes the data sets and methods used in this study. The interannual connection between Australian spring rainfall and the NPO is investigated in Sect. 3. In Sect. 4, the physical mechanism by which the NPO influences the Australian rainfall is examined. The contribution of NPO to the long-term trend of Australian spring rainfall is analyzed in Sect. 5. Finally, Sect. 6 is a summary. 
Data and methods
We employ monthly rainfall dataset from the Australian Water Availability Project (AWAP) on a 0.25° × 0.25° horizontal grid (Jones et al. 2009; Raupach et al. 2009 ). In addition, the state-averaged rainfall time series in austral spring (September-November, SON) in four states of the Northern Territory, Queensland, New South Wales and Victoria (see Fig. 1 ) are downloaded from the website of Australian Bureau of Meteorology (http://www.bom.gov. au/cgi-bin/climate/change/timeseries.cgi?graph=rain&area =nt&season=0911&ave_yr=0).
Monthly atmospheric fields used in this study are obtained from the National Centers for Environment Prediction-National Center for Atmospheric Research (NCEP-NCAR) Reanalysis Project (Kalnay et al. 1996; Kistler et al. 2001 ; ftp://ftp.cdc.noaa.gov/Datasets/), including horizontal winds, vertical velocity, and surface precipitable water content. The horizontal winds and vertical velocity are available on 2.5° × 2.5° horizontal grid and 17 vertical pressure levels ranging from 1000 to 10 hPa from 1948 to the present. Surface precipitable water content is also available on 2.5° × 2.5° horizontal grid from 1948 to present. The velocity potential is calculated from zonal and meridional winds.
In addition, monthly mean SST data used in this study are extracted from the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed SST version 3b (ERSST v3b) (Smith et al. 2008 ; http://www.esrl. noaa.gov/psd/data/gridded/data.noaa.ersst.html). This SST data set has a horizontal resolution of 2° × 2° and is available from 1854 to the present. In this study, the Niño3.4 index is used to characterize the ENSO variability, defined as the area averaged SST anomalies over the region of 5°S-5°N, 170°W-120°W.
The monthly mean SLP data set used in this study is provided by the UK Met Office Hadley Centre (HadSLP2) (Allan and Ansell 2006; http://www.metoffice.gov.uk/ hadobs/hadslp2) . This data set has a 5° × 5° horizontal resolution and is available from 1850 to the present.
To reveal the dominant coupling mode between the North Pacific SLP anomalies and the Australian rainfall anomalies, the singular value decomposition (SVD) technique is used in this study. It has been demonstrated that the SVD analysis can be used to determine two coupled sets of orthogonal singular vectors, as well as the expansion coefficient correlations from the covariance matrix of two geophysical fields Wallace et al. 1992; Cherry 1996) . In addition, partial correlation (Ashok et al. 2003; Feng et al. 2010 ) and partial regression (Lin and Li 2012) methods are employed to estimate the connection between two variables after removing the effect of another variable. We also use conventional correlation and regression analysis. The significance of correlation and regression coefficients is estimated using a two-tailed Student's t test. The time period analyzed in this study is 1951-2010. The climatological monthly mean based on the period 1951-2010 for each calendar month was removed to obtain the monthly mean anomalies.
3 Connection between Australian spring rainfall and the NPO Figure 2 shows the SVD mode of boreal wintertime (ND(−1)JFM(0)) SLP anomalies over the North Pacific (0°-75°N, 110°E-100°W) and austral spring (SON(0)) rainfall anomalies over the whole of Australia. Here and for the remainder of this study, the time notations (0) and (−1) refer to the year during and before the rainfall year, respectively. The first SVD mode accounts for 82.2 % of the total covariance and the expansion coefficients of SLP and rainfall are highly correlated, yielding a correlation coefficient 0.51 (Fig. 2c ). The SLP pattern in Fig. 2a is characterized by a north-south dipole pattern with a significant positive center over the mid-high latitude North Pacific near Alaska, and a significant negative center over the subtropical North Pacific near Hawaii. This SLP anomalous pattern resembles a typical NPO pattern, as documented by previous studies (e.g., Walker and Bliss 1932; Rogers 1981; Linkin and Nigam 2008; Furtado et al. 2012 ). The rainfall pattern in Fig. 2b is marked by a mono-sign anomaly in Australia, with significant negative rainfall anomalies over most parts of eastern and northern Australia. These results strongly indicate that the rainfall over eastern and northern Australian continent during austral spring tends to be less than normal when the preceding boreal winter NPO is in its positive phase, while more than normal in its negative phase. It should be mentioned that we define the anomalous SLP pattern in Fig. 2a as a positive NPO phase. According to the results of SVD, we define an SLP index to quantitatively depict the north-south dipole pattern and use it as the NPO index. In this study, the NPO index is defined as the difference of area-averaged SLP anomalies between the North Pole (45°-70°N, 175°-125°W) and South Pole (10°-25°N, 175°E-145°W) (see Fig. 2a ). The correlation coefficient between the NPO index (black line in Fig. 2c ) and the expansion coefficient time series of SVD SLP (blue line in Fig. 2c ) is 0.96. Furthermore, the correlation coefficient between the NPO index defined in this study and the NPO index used in previous studies are significant at the 95 % confidence level (Table 1) . Specifically, the correlation coefficients of the NPO index calculated in this study with that defined by Furtado et al. (2012) , Park et al. (2013) and Anderson (2003) are 0.93, 0.53 and 0.40, respectively. Furtado et al. (2012) defined NPO index as SLP difference between two different regions, similar to the method used in this study. Park et al. (2013) defined NPO index via an empirical orthogonal function (EOF) method. As the SLP anomalies on the southern lobe of the NPO circulation have been identified as a critical region for impacting the tropical Pacific, many previous studies defined the NPO index as SLP anomalies over the subtropical North Pacific (i.e. the southern lobe of the NPO) to investigate the SFM (Anderson 2003 (Anderson , 2007 Zhang et al. 2009; Alexander et al. 2010; Deser et al. 2012) .
To further confirm the significant connection between the preceding boreal winter NPO related circulation anomalies and the following austral spring rainfall anomalies, Fig. 3a presents the correlation map between the boreal winter NPO index and austral spring rainfall anomalies in Australia. Large areas of significant negative correlation are observed over most parts of Australia (Fig. 3a) . To verify whether the correlation between the boreal winter NPO and austral spring rainfall is influenced by the preceding ENSO, a partial correlation approach is applied to remove the boreal winter ENSO signal. It shows that the NPOrainfall relationship remains significant after removing the boreal wintertime ENSO influence (Fig. 3b) . In addition, their interannual connection is still robust after removing the long-term trend (Fig. 3c) . The contribution of the boreal winter NPO to the long-term trend of austral spring Anderson (2003) rainfall long-term trend will be discussed later. In addition, the correlation patterns of Australian spring rainfall with the NPO index proposed by Furtado et al. (2012) , which is also defined as the SLP difference between mid-latitude and subtropical North Pacific, are generally quite similar ( Fig. 3d-f ). It should be mentioned that the NPO index defined in this study can better capture the NPO-Australian rainfall relationship because it is based on the covariance SVD structure. All the above results strongly indicate that a positive NPO phase tends to be followed by a conspicuous drought in Australia during austral spring. To quantitatively measure the strength of the rainfall over eastern and northern Australia, four rainfall indices are defined as the area-averaged rainfall within the Northern Territory, and and rainfall data; c as a using the detrended NPO index and rainfall data. d-f The same as a-c, but using the NPO index defined by Furtado et al. (2012) . Shading indicates correlation coefficients significant at the 95 % confidence level; the contour interval is 0.1 the states of Queensland, New South Wales and Victoria, respectively (Fig. 3) . Table 2 , column 1), all exceeding the 95 % confidence level based on Student's t-test. In addition, significant negative correlations between the NPO index and rainfall indices still exist after removing the boreal wintertime ENSO influence and removing the long-term trend (Table 2 , columns 2 and 3). These results are consistent with those shown in Fig. 3a -c, implying a significant negative relationship between the boreal winter NPO index and Australian rainfall in the following austral spring. The next question is how the NPO related circulation anomaly over the North Pacific crosses the equator to reach the Southern Hemisphere half a year later.
Physical process for the influence of NPO on Australian rainfall
It is generally acknowledged that atmosphere memory cannot persist for as long as half a year, while the SST memory is much longer. Previous studies have suggested that the boreal wintertime NPO forces tropical Pacific SST anomalies in the following winter via the "seasonal footprinting mechanism (SFM)" (e.g., Vimont et al. 2001 Vimont et al. , 2003a Vimont et al. , b, 2009 Alexander et al. 2010) . Hence, it is hypothesized that tropical Pacific SST anomalies may be a key link in connecting the boreal winter NPO and Australian rainfall in the following austral spring. To investigate the possible mechanism linking the boreal winter NPO and the following austral spring Australian rainfall, we first examine the seasonal evolutions of NPOrelated SST and low-level wind anomalies from boreal winter to the following austral spring, shown in Fig. 5 . In boreal winter, the 850 hPa wind anomalies show a meridional dipole pattern over the North Pacific, with an anticyclonic anomaly in the mid-high latitude North Pacific, and a cyclonic anomaly in the subtropical north Pacific (Fig. 5a ). During boreal winter, when intrinsic mid-latitude atmospheric variability is most energetic, the atmosphere can impart an SST "footprint" onto the ocean via changes in the surface heat flux (Vimont et al. 2001 ). Correspondingly, a tripolar SST mode is seen over the North Pacific, with significant positive SST anomalies in the northern Pacific midlatitude and in the tropical western Pacific, extending northeastward to the subtropical central-eastern Pacific, accompanied by significant negative SST anomalies in the subtropical western north Pacific (Fig. 5a ). The southwesterly wind anomalies, associated with the southern lobe of NPO, are suggested to oppose the northeasterly trade winds over the subtropical Pacific. Weakened trade winds and reduced upward net surface heat flux cause SST warming in the upper ocean (Vimont et al. 2003a, b) . The NPO-driven SST warming anomalies persist and develop into the following boreal spring (March-May, MAM(0)) and summer (June-August, JJA(0)) through a thermodynamically coupled positive air-sea feedback mechanism (Fig. 5b, c ) (Xie and Philander 1994; Vimont et al. 2003a, b) . The westerly wind anomaly observed over the tropical western Pacific (Fig. 5b-d ) is important for triggering SST warming anomalies in the equatorial central-eastern Pacific, by exciting downwelling and eastward propagating Kelvin waves (Park et al. 2013; Chen et al. 2014) . Finally, in austral spring, the adjustment of the tropics by coupled dynamics produces an equatorially symmetric El Niño-like SST warming anomaly over the tropical central-eastern Pacific (Fig. 5d) . Results shown in Fig. 5 capture well the SFM features reported in previous studies (e.g., Vimont et al. 2003a, b; Alexander et al. 2010) , which confirm that the boreal winter NPO leads to tropical Pacific SST anomalies in the following austral spring. In order to investigate the atmospheric circulation patterns in austral spring, we calculated the regression fields of velocity potential and vertical velocity anomalies on the boreal winter NPO index as shown in Fig. 6 . At 850 hPa, there is a zone of convergence in the tropical eastern Pacific, flanked by a zone of divergence to the west of the dateline (Fig. 6a) . Australia lies under the anomalous divergence zone. In contrast, a reverse velocity potential anomalies appears at 200 hPa, with a divergence center over the tropical eastern Pacific and a convergence center over the tropical western Pacific (Fig. 6b) , indicating a baroclinic atmospheric response. This means that the upper level convergence, accompanied by lower level divergence over the tropical western Pacific and northern Australian region, directly induces an anomalous subsiding motion there (Fig. 6c) . Meanwhile, significant ascending motion anomalies are observed in the tropical central-eastern Pacific (Fig. 6c) . The distributions of velocity potential anomalies at 850 hPa and 200 hPa, and vertical velocity anomalies at 500 hPa bear a close resemblance with those of an El Niño event (e.g., Ropelewski and Halpert 1987; Wang 2004 ). This perhaps results from the significant positive SST anomalies over the tropical central-eastern Pacific, and negative SST anomalies over the tropical and off-equator western Pacific associated with the preceding boreal wintertime NPO through a Gill-like atmospheric response (Fig. 5d ) (Matsuno 1966; Gill 1980) .
To further understand the atmospheric links associated with the connection between NPO index and Australian rainfall, Fig. 7a shows the Walker circulation anomalies regressed on the NPO index during austral spring. The Walker circulation is depicted by zonal and meridional winds averaged between 5°S and 5°N. The anomalous Walker circulation shows air rising in the equatorial eastern Pacific, flowing westward aloft and sinking in the equatorial western Pacific around 125°E, and then flowing westward and eastward. One branch returns to the eastern Pacific in the lower troposphere (Fig. 7a) . This demonstrates a weakened Walker circulation cell when SST is above normal over the tropical central-eastern Pacific, consistent with the findings reported in previous studies (e.g., Ropelewski and Halpert 1987; Wang 2004 ). The western descending branch, located over equatorial western Pacific, leads to suppressed convection and moist air rising. Hence, significant negative surface precipitable water anomalies are seen over Indonesia, extending southeastward to northern and eastern Australia, with the maximum center located near 15°S, 140°E (Fig. 7b) . In particular, about two-thirds of Australia is under the control of negative surface precipitable water anomalies (Fig. 7b) , which favors negative rainfall anomalies (Fig. 3) .
From analyzing the atmospheric circulation anomalies associated with the NPO (Figs. 6, 7) , it is hypothesized that the NPO affects the Australian rainfall during austral spring mainly through the simultaneous tropical Pacific SST anomalies, which are triggered via the SFM (Fig. 5 ). An interesting phenomenon is that if the partial-regression approach is used to remove the tropical central Pacific SST signal in austral spring, the NPO-related atmospheric circulation and precipitation anomalies all become indistinct and insignificant. Here, the tropical central Pacific SST signal is removed by subtracting the linear component of the area mean SST anomalies over the region (5°S-5°N, 160°E-150°W) regressed against the NPO index. Figure 8 displays the partial regression fields of velocity potential anomalies at 850 and 200 hPa, and vertical velocity anomalies at 500 hPa. This indicates that, when the effect of the NPO-related tropical central Pacific SST warming is removed, the significant upper level convergence and lower level divergence over the tropical western Pacific disappear; over the eastern Pacific, the significant upper level divergence and lower level convergence also disappear (Fig. 8a,  b) , suggesting a distinct Walker circulation change. Meanwhile, the middle level vertical velocity anomalies over the tropical western Pacific and northern Australia are reduced in amplitude and become insignificant (Fig. 8c) . To further verify the speculation that the anomalous Walker circulation induced by tropical central Pacific SST anomalies plays an important role in relaying the influence of boreal winter NPO on Australian rainfall, we show in Fig. 9 the partial regression patterns of Walker circulation upon the NPO index with tropical central Pacific SST anomalies linearly removed. It shows that the anomalous Walker circulation becomes much weaker and insignificant when the NPO-related tropical central Pacific SST warming is removed (Fig. 9) . Hence, this further confirms that the A similar feature also exists in Australian rainfall anomalies, as shown in Fig. 10 . After removing the NPO-related SST anomalies over the tropical central Pacific, despite a few fragmentary and small patches in the northeastern Northern Territory and eastern coast of Queensland, significant correlation coefficients between NPO index and rainfall anomalies over much of the continent become unclear and insignificant (Fig. 10) . Because SST anomalies in the tropical Pacific region (5°S-5°N, 160°E-150°W) is generally used to characterize the ENSO variability. To avoid confusion, we have also examined the above results shown in Figs. 8, 9 and 10 by removing the effect of preceding boreal spring SST anomalies in the subtropical region (5°-15°N, 170°E-160°W). SST anomalies in this region have been suggested to play a key role in connecting the NPO and the tropical central-eastern Pacific SST anomalies (Anderson 2003; Vimont et al. 2003b) . It is found that preceding winter NPO-related anomalies of Walker circulation and Australian rainfall are weak and insignificant (Figures not shown) , consistent with the results obtained by removing the tropical Pacific SSTA (Figs. 8, 9, 10 ). Insignificant anomalies of Walker circulation and Australian rainfall are attributed to the fact that SST anomalies over the tropical central-eastern Pacific in SON(0) are weak and insignificant after removing the SST anomalies in the subtropical footprinting region (not shown). Above results further confirm the important role of tropical central Pacific SST anomalies generated by the preceding winter NPO through the SFM in influencing the Australian rainfall anomalies, and also demonstrate the hypotheses that the preceding winter NPO can influence the following austral spring rainfall variability in Australia via modulating the Walker circulation. 
NPO contribution to the Australian spring rainfall trend
This section discusses the influence of the NPO on Australian spring rainfall, focusing on the long-term trend. Figure 11a shows the regional rainfall trend over the Australian continent in austral spring during 1951-2010. It is evident that there is a wetting trend over the majority of the continent, and a drying trend over the regions of Victoria and southern New South Wales (Fig. 11) . The significant rainfall increasing trends are mainly centered over the Northern Territory and Queensland, extending westward to Western Australia. The maximum positive trend value reaches about 12 mm decade −1 in central Queensland (Fig. 11a) . We calculate the trends of area-averaged rainfall in the Northern Territory, Queensland, New South Wales and Victoria, respectively (Fig. 11b) . The Northern Territory rainfall has a positive trend with a slope of 5.7 mm decade −1 in the period 1951-2010, significant at the 0.05 level. A similar increasing trend is also detected in Queensland rainfall, again with a slope of 5.7 mm decade −1 , significant at the 0.10 level. It should be noted that this study focused on the period 1951-2010 and the trend may be, to some extent, depended on the selected time period. In addition, New South Wales rainfall shows an insignificant wetting trend (2.3 mm decade ). In the following, we focus on the significant increasing trends of the Northern Territory and Queensland rainfalls.
As demonstrated in Sects. 3 and 4, there is a close outof-phase connection between the boreal wintertime NPO and following austral spring rainfall in Australia in interannual variability. A positive NPO year is often followed by a less than average rainfall, and an above average rainfall for a negative NPO year, in both the Northern Territory and Queensland. The ENSO also significantly influences the interannual Australian rainfall variability, as demonstrated by previous studies (e.g., McBride and Nicholls 1983; Nicholls et al. 1996; Taschetto and England 2009) . A further question is whether the NPO and ENSO both contribute to the significant increasing trends in the Northern Territory and Queensland rainfalls during 1951-2010. To examine the potential contributions of the NPO and ENSO, we first check the long-term trends of the boreal winter NPO index and austral spring ENSO indices during 1951-2010 (Fig. 12) . The ENSO is unlikely to bring more rainfall, and cannot explain the significant increasing trends in the Northern Territory and Queensland rainfalls because the linear trend of the ENSO index is insignificant (Fig. 12b) . In contrast, the boreal winter NPO index has a significant weakening trend (−0.29 mb decade −1 ), significant at the 95 % confidence level (Fig. 12a) . Since ENSO events are not responsible for the wetting trends of the Northern Territory and Queensland rainfalls, and given the significant decreasing trend in NPO index, we focus on the possible influence of NPO on Australian rainfall trends. Figure 13a , b show the time series, and their linear trends of residuals from the Northern Territory and Queensland rainfall predicted with linear regressions using the NPO index as predictor, respectively. The residuals of the Northern Territory and Queensland rainfall, after removal of the NPO contribution, exhibit much more flat trend lines, both of which become insignificant at the 90 % confidence level (Fig. 13) . Therefore, the decreasing trend of NPO is linked to the increasing trend of the Northern Territory and Queensland rainfalls during 1951-2010. Following the study of Nicholls (2010) , the partial correlation between rainfall and the "year" of observation, controlling for the impact of the remote index of a specific climate mode can be used to demonstrate whether this mode can be considered as a cause of the rainfall trend. If the partial correlation is close to zero and insignificant, it indicates that much of the rainfall trend is linked to the trend of the mode. The partial correlations between rainfall and "year", after removing the influence of NPO, are 0.15 and 0.11 in Northern Territory and Queensland, respectively. These correlations are small and not significant at the 90 % confidence level, although not quite as close to zero. These results are generally consistent with those obtained from Fig. 13 , with the residual showing a more flat trend line.
To quantify how much of the rainfall wetting trend is associated with the decreasing NPO, the contributions of NPO to the Northern Territory and Queensland rainfall trends are calculated and listed in Table 3 . First, year-to-year differences were calculated for time series of the NPO index and rainfall, and then linear regression and correlation were calculated between them (Nicholls 2010; Li et al. 2013) . The linear regression between the yearto-year differences of NPO index and rainfall allow the estimation of the rainfall trend expected from the trend in NPO index through the relationship between rainfall and NPO index. Accordingly, the sensitivity of rainfall to NPO index is defined as the slope of the NPO index in the fitted linear regression model for the relationship between year-to-year differences of rainfall and NPO index. Thus, assuming that the relationship derived from the year-toyear differences operates on a multidecadal time scale, the rainfall trend induced by the NPO can be estimated as the product of the sensitivity and the trend of the NPO. Finally, the contribution of the NPO is measured as the ratio of the NPO-induced trend value to the observed rainfall trend value. Results show that the wetting trends of the Northern Territory and Queensland rainfall induced by the NPO are 2.6 and 3.3 mm decade −1 , respectively (Table 3) . Therefore, the decrease of the NPO contributed 46.0 and 57.5 % to the increasing trends of the Northern Territory and Queensland rainfalls in the period 1951-2010, respectively.
The physical effect of the NPO on the Australian rainfall trend may be embedded in the change of the Walker circulation. Figure 14 presents the difference of Walker circulation anomalies between the periods 1981-2010 and 1951-1980 . Significant downward motion anomalies can be observed over the equatorial eastern Pacific and notable upward motion anomalies can be seen over equatorial western Pacific (Fig. 14) . It indicates that strength of the Walker circulation over the tropical Pacific is stronger during the latter than earlier epoch . The strengthened Walker circulation in the latter period could cause an 
Summary
In this study, we demonstrate that the boreal winter (ND(−1)JFM(0)) NPO is significantly correlated with Australian rainfall anomalies in the following austral spring (SON(0)) on the interannual time scale. If the boreal winter NPO is in its positive phase, rainfall over the regions of the Northern Territory, Queensland, New South Wales and Victoria tends to be below average in austral spring, and for a negative phase above average in austral spring. The physical process responsible for the influence of boreal winter NPO on the Australian rainfall in the following austral spring is further examined, and a schematic of the physical process is shown in Fig. 15 . Tropical Pacific SST anomalies play an important role in relaying the NPO influence on Australian spring rainfall anomalies. The boreal winter NPO influences the tropical Pacific SST anomalies via the seasonal footprinting mechanism, as demonstrated by previous studies. Boreal winter NPOinduced SST anomalies in austral spring over the tropical Pacific further influence the Australian spring rainfall anomalies via an anomalous Walker circulation (Fig. 15) .
The detailed physical processes for the influence of boreal winter NPO on Australian spring rainfall can be summarized as follows. When the NPO is in its positive phase, the anomalous winds are from the west opposing the trade winds over the central and eastern subtropical Pacific. Thus, the upward latent heat is reduced by a decreased wind speed and hence causes the warming in the upper ocean. This NPO-related SST warming anomaly over the subtropical northern Pacific persists into late spring and summer via a positive air-sea feedback mechanism (Xie and Philander, 1994) . In turn, these force a pattern of atmospheric circulation anomalies, including westerly wind stress anomalies, along the equatorial western Pacific. These subsequently lead to SST warming anomalies in austral spring over the tropical central-eastern Pacific by triggering an eastward propagating and downwelling Kelvin wave (Barnett et al. ) and vertical (10 −3 Pa s −1 ) winds between the period 1981-2010 and 1951-1980 . The shading denotes regions where differences of vertical wind anomalies are significant at the 90 % confidence level 1989; Weisberg and Wang 1997; Vimont et al. 2003a, b; Alexander et al. 2010) . Warming of SST in austral spring over the tropical central-eastern Pacific induces an anomalous Walker circulation, with its western subsiding branch over Australia, suppressing convection and reducing rainfall in northern and eastern Australia. Furthermore, the correlation between boreal winter NPO and Australian spring rainfall anomalies becomes insignificant, when NPOinduced SST warming anomalies in austral spring over the tropical central-eastern Pacific are linearly removed. This also indicates that the tropical central-eastern Pacific SST plays a key role in memorizing and relaying the influence of boreal winter NPO on Australian spring rainfall anomalies. It should be noted that other cross-equatorial impact mechanisms (e.g., Wu et al. 2009 Wu et al. , 2015 may also play a role in linking NPO and Australian rainfall, which should be further investigated in the future.
Besides the significant interannual relationship between the NPO and Australian spring rainfall, we also examine the role of the NPO in contributing to the longterm trend of austral spring rainfall. It is found that the Northern Territory (5.7 mm decade −1 ) and Queensland (5.7 mm decade −1 ) rainfall in austral spring has a significant wetting trend during 1951-2010, while the trends of austral spring rainfall over New South Wales (2.3 mm decade −1 ) and Victoria (−4.4 mm decade −1 ) are insignificant. Further analysis shows that the ENSO cannot explain the long-term trend of the Northern Territory and Queensland although it is closely connected with the variability of Australian rainfall on the interannual timescale. In contrast, it is found that the boreal winter NPO could contribute significantly to the increase of austral spring rainfall over the Northern Territory and Queensland. Results show that the NPO has contributed as much as 46.0 and 57.5 % to the increasing trends of the Northern Territory and Queensland rainfalls in the period 1951-2010, respectively. When the NPO decreases, the Walker circulation is strengthened, thus enhancing ascending motion and increased rainfall over the Northern Territory and Queensland on a long-term timescale. However, caution is recommended regarding the trend results obtained in this study as the austral spring rainfall trends in Australia have a dependency on the choice of the selected time period. 
